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HIGH-TEMPERATURE OXIDATION 

NASA TT F-10,663 

OF SILICIDES OF SOME RARE-EARTH METALS 

T. S.  Verkhoglyadova, L. A. Dvorina 

The r e l a t i v e  s t a b i l i t y  of s i l i c i d e s  of some ra re -ea r th  
m e t a l s  i n  a i r  at h igh  temperatures i s  inves t iga t ed .  It is  
found t h a t  scandium s i l i c i d e  i s  t h e  most s t a b l e ,  and y t t r i -  
um s i l i c i d e s  are least s t a b l e .  

/2250* 
Rare-earth metals possess  an important group of physico-chemical proper t ies ,  

which provide  a promising out look f o r  t h e i r  a p p l i c a t i o n  i n  meta l lurgy  and in-  
strument engineer ing .  Metal- l ike compounds of r a re -ea r th  metals wi th  non- 
m e t a l s ,  i n  p a r t i c u l a r  wi th  s i l i c o n  (Refs. 1, 2 ) ,  which are s t a b l e  i n  a i r  up t o  
r e l a t i v e l y  high temperatures ,  are of p a r t i c u l a r  importance. 

Information on t h e  s i n t e r i n g  r e s i s t a n c e  of t h e  s i l i c i d e s  of r a re -ea r th  

ox id izes  a t  1300°C a t  a r ap id  rate,  forming a gray  
metals is  a t  p re sen t  very  l i m i t e d .  Thus, i n  (Ref. 3) i t  i s  repor ted  t h a t  t h e  
d i s i l i c i d e  of lanthanum 
low-density oxide l a y e r  which adheres  very poor ly  t o  t h e  s u r f a c e  of a specimen 
which has  been oxid ized .  
mobile a i r  a t  1000°C f o r  782 hours  showed t h a t  a f t e r  t h e  experiment t h e  spec i -  
men w a s  p r a c t i c a l l y  as hard as be fo re ,  and preserved i t s  s i l v e r y  l u s t e r  (Ref. 

The ox ida t ion  of d i s i l i c i d e  of dysprosium i n  im- 

4 )  

I n  t h e  p re sen t  work an i n v e s t i g a t i o n  w a s  made of t h e  re la t ive s t a b i l i t y  
of t he  s i l i c i d e s  of some ra re -ea r th  metals  i n  a i r  a t  h igh  temperatures .  

Experimental P a r t  

The i n v e s t i g a t i o n  of r e l a t i v e  s t a b i i i t y  of s i i i c i d e s  of s c a n d i m ,  yttrium, 
lantanium, and cerium w a s  conducted on compact specimens us ing  a technique 
descr ibed  i n  (Ref. 5 ) .  S i l i c i d e  samples, conta in ing  99.9% of t h e  p r i n c i p a l  
component, were prepared by p res s ing  the  powder, and subsequent ly  caking i n  
high vacuum. A change i n  t h e  weight of a sample, r e f e r r e d  t o  u n i t  area, w a s  
taken as a measure of t h e  degree of ox ida t ion .  When i n v e s t i g a t i n g  t h e  k i n e t i c s  
of t h e  ox ida t ion ,  t h e  samples were heated i n  a t u b u l a r  oven i n  a i r .  The experi- 
ments were conducted i n  t h e  temperature  range 300-11OO0C, every 100 degrees ,  
wi th  t h e  hold ing  t i m e  from 3 t o  10 hours and wi th  weighing every 0.5 hour.  
The t o t a l  du ra t ion  of ox ida t ion  f o r  every g iven  temperature  w a s  determined by 
t h e  c h a r a c t e r  of t h e  curve showing t h e  gain i n  weight of a sample. 

The ox ida t ion  of t h e  lower scandium s i l i c i d e  (Table l), having t h e  maximum 
Up t o  t h i s  temperature ,  conten t  of t h e  m e t a l ,  becomes s i g n i f i c a n t  above 900°C. 

t h e  weight of a sample ba re ly  changes. A r e l a t i v e l y  s o l i d ,  t h i n ,  s t a b l e  oxide  
l a y e r  which i s  formed a t  300°C o b s t r u c t s  f u r t h e r  ox ida t ion  of s i l i c i d e  when 
t h e  temperature  i s  increased .  This  i s  ind ica t ed  by t h e  c h a r a c t e r  of t h e  i so -  
therms f o r  t h e  ga in  i n  weight i n  t h e  temperature range 400-900°C. 
of t h e  e s t a b l i s h e d  ox ida t ion  l a w s ,  one may assume t h a t  i n  t h e  temperature  range 

On t h e  b a s i s  

* Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  o r i g i n a l  f o r e i g n  text .  
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TABLE 1 

KINETIC EQUATIONS FOR THE OXIDATION OF SILICIDES OF CERTAIN 
RARE-EARTH METALS 

S i l i c i d e  I t , " C  I ! Oxidation Law 

ScsSis 

ScSi 

(1) - Hour 

300 
400 
500 
600 
700 
800 
900 

1000 

500 
600 
700 
800 
900 

1000 
1100 
500 
600 
700 
800 
400 
500 
600 
400 
500 

600 
400 
500 

600 
400 
5uu 
600 
300 
400 
500 
600 
700 

,m 
(0-1 !k.) 

L : \ ( l )  
( I  ;liacy--) 

+ 1 l,58 + 29,OO 
1- 4 5 , s  

f 225 1. 

400-900°C an oxide  l a y e r  is  formed whBse growth is determined by t h e  d i f f u s i o n  
process .  A t  900°C t h e  chemical mechanism of t h e  ox ida t ion  process  changes 
somewhat, r e g a r d l e s s  of t h e  f a c t  t h a t  a t  t h i s  temperature  t h e  growth of t h e  
oxide  l a y e r  i n  gene ra l  obeys t h e  logar i thmic  l a w .  
l a y e r  s t i l l  possesses  p r o t e c t i n g  p rope r t i e s .  Inc reas ing  t h e  temperature  t o  

A t  900°C, however, t h e  oxide 

_. 
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1000°C l e a d s  t o  an e s s e n t i a l  change i n  t h e  co r ros ion  of t h e  lower scandium 
s i l i c i d e .  I n  t h i s  case, t h e  s c a l i n g  obeys t h e  l i n e a r  l a w ,  i . e . ,  it i s  de te r -  
mined by c rys t a l lochemica l  changes. 
changes i t s  va lue ,  and t h e  isotherm has  t h e  form of a broken l i n e ,  shows t h a t  
a t  t h i s  temperature  t h e  condi t ion  f o r  the s o l i d i t y  of t h e  l a y e r  i s  d i s t u r b e d ,  
and t h e  l a y e r  l o s e s  i t s  p ro tec t ing  p rope r t i e s .  A t  t h i s  temperature  a porous 
powder which i s  dark-brown i n  c o l o r  i s  formed on t h e  s u r f a c e  of t h e  sample. 

The f a c t  t h a t  t h e  ox ida t ion  ra te  a t  1000°C 

The i n v e s t i g a t i o n  of t h e  s t a b i l i t y  of scandium monos i l ic ide  showed (Table 
1) t h a t  th i s  compound begins  t o  ox id i ze  a t  a h ighe r  temperature  (~~500°C) t han  
does t h e  lower scandium s i l i c i d e .  The growth of t h e  oxide  l a y e r  e s s e n t i a l l y  
a l s o  obeys t h e  logar i thmic  o r  t h e  pa rabo l i c  l a w  i n  t h e  e n t i r e  temperature  
range be ing  i n v e s t i g a t e d ,  i .e . ,  i t  i s  determined by t h e  process  of d i f f -  /2252 
usion.  A t  t h e s e  temperatures,  
a very  t h i n  l a y e r  i s  formed due t o  t h e  c rys ta l lochemica l  changes on t h e  s u r f a c e  
of a sample. 

The temperatures  500 and 600°C a r e  an except ion.  

The ox ida t ion  of t h e  h igher  scandium s i l i c i d e  (Table 1) obeys e s s e n t i a l l y  
t h e  loga r i thmic  l a w .  
and a l r e a d y  a t  900°C t h e  s u r f a c e  oxide  l aye r  l o s e s  i t s  p r o t e c t i n g  p r o p e r t i e s ,  
and t h e  ox ida t ion  proceeds t o  t h e  i n t e r i o r  of a sample. I n i t i a l l y ,  t h i s  pro- 
ces s  i s  mani fes ted  by t h e  appearance of n o t i c e a b l e  c racks  on t h e  s u r f a c e  of 
t h e  sample, and then  by t h e  s c a l i n g  of po r t ions  of t h e  oxide l a y e r .  

The compound begins t o  o x i d i z e  no t i ceab ly  above 700"C, 

Monosi l ic ide  is t h e  most s t a b l e  i n  t h e  scandium-sil icon system. A s  al-  
ready i n d i c a t e d ,  i n  a ma jo r i ty  of cases t h e  growth of t h e  p r o t e c t i n g  oxide 
l a y e r  obeys t h e  logar i thmic  l a w ,  which i s  observed f o r  a r e l a t i v e l y  long pe r iod  
of time dur ing  which a s u f f i c i e n t l y  t h i c k  scale  l a y e r  can be formed. This  
shows t h a t  only a s p e c i f i c  scale l a y e r  i s  involved i n  t h e  d i f f u s i o n  r e t a r d a t i o n  
of t h e  process ;  t h i s  scale l a y e r  i s  loca ted  nea r  t h e  s i l i c i d e ,  and i t s  growth 
i n  t i m e  i s  p ropor t iona l  t o  t h e  growth of t h e  e n t i r e  scale. 

An i n s p e c t i o n  of t h e  temperature dependence of t h e  ox ida t ion  rate f o r  
scandium s i l i c i d e s  (Table 2) p o i n t s  t o  the complexity of t h i s  process ,  which 
i s  t o  a l a r g e  ex ten t  due t o  t h e  p a r t i c i p a t i o n  of both components i n  t h e  oxida- 
t i o n  process .  The growth of t h e  oxide l aye r  on t h e  s u r f a c e  of scandium s i l i -  
c i d e  samples i s  determined by t h e  oxida t ion  of t h e  s i l i c o n  and m e t a l  components. 
It i s  cu r ious  t h a t  t h e  apparent  a c t i v a t i o n  energy i n  t h e  ox ida t ion  of t h e  
h igher  scandium s i l i c i d e  does not  change i n  t h e  e n t i r e  temperature  range under 
i n v e s t i g a t i o n ,  i . e . ,  from 500 t o  900°C. This  i n d i c a t e s  t h a t  t h e  ox ida t ion  of 
t h e  h ighe r  scandium s i l i c i d e  i s ,  apparent ly ,  determined by t h e  d i f f u s i o n  of 
oxygen i n t o  t h e  s i l i c i d e  l a t t i ce ,  wi th  the formation of a compound c o n s t i t u t i n g  
t h e  base  of t h e  oxide l a y e r .  
d i c a t e d , o r  an i n c r e a s e  i n  t h e  holding time, does no t  l e a d  t o  any s u b s t a n t i a l  
changes i n  t h e  chemical mechanism involved i n  t h e  formation of t h e  oxide l a y e r .  

A change i n  temperature  w i t h i n  t h e  i n t e r v a l  i n -  

The ox ida t ion  of monos i l ic ide  and the lower scandium s i l i c i d e  i s  accompan- 
i e d  by changes i n  t h e  apparent  a c t i v a t i o n  energy when t h e  temperature  i s  r a i sed .  
It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  va lue  of t h e  apparent  a c t i v a t i o n  energy f o r  
monos i l ic ide  i n  t h e  i n t e r v a l  500-600°C, and f o r  t h e  lower scandium oxide i n  
t h e  i n t e r v a l  700-9OO0C, are p r a c t i c a l l y  equal  t o  t h e  a c t i v a t i o n  energy f o r  t h e  
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TABLE 2 

VALUES OF THE ACTIVATION ENERGY, AND THE EQUATIONS SHOWING THE 
TEMPERATURE DEPENDENCE OF THE OXIDATION RATE OF SILICIDES OF 

SOME RARE-EARTH METALS 

ergy Y 

kcal/molt 

ScSi 

Sc~Sis 
YSb 
La&& 
LasSi, 

LaSi 
LaSiz 

Ce& 
CeSiz 

h ighe r  scandium s i l i c i d  

600--700 
700--900 
900--1000 

600--700 
700-- 1 I00 
500-900 
400--600 
400--600 
400-500 
500--600 
4 0 0 4 0 0  
500--700 
700--800 
3004-400 

500--6no 

400--600 

I788 
58:j I 

2!,302 
m i 2  

1591 I 
27006 

7210 
6037 

15!121 
1313 

2:130 1 
10449 

I940 
13396 
6576 
8898 

, This  i s ,  apparc 

k K =  0.68-- 767/ T 
l i K =  2;34-- 5232) T 
l g K =  7.75--12723/ T 
I g  IC= 3;04-- 2874; T 
Ig K= 6,22-- 6649/ T 
Ig K= 9,74--11726/ T 
l g K =  3,39-- 3131/ T 
le K- 3.72-- 26.21/T 

K=10;89--10118/ T 
K= 5,78-- 4537/ T 
K= 1,78-- 842/ T 
K= 5,77-- 58I6/ T 
K= 6,13-- 2855/ T 
K= 4,98-- 3864/ T 

: ly ,  due t o  t h e  form t i o n  of an  
oxide l a y e r  having p r a c t i c a l l y  t h e  same chemical conten t .  
e r a t u r e  i n t e r v a l  900-1000°C, the apparent a c t i v a t i o n  energy f o r  t h e  ox ida t ion  
sf t h e  lower scandium oxide i s  approximately i d e n t i c a l  t o  t h a t  f o r  t h e  ox ida t ion  
of monos i l ic ide  i n  t h e  i n t e r v a l  700-1100°C. This  a l s o  p o i n t s  t o  t h e  s i m i l a r i t y  
of t h e  processes  t ak ing  p l ace  on t h e  su r faces  of bo th  s i l i c i d e s  i n  t h e  tempera- 
t u r e  i n t e r v a l s  i nd ica t ed .  

In t h e  temp- /2253 

By analogy wi th  t h e  corresponding research  dea l ing  w i t h  t h e  high-tempera- 
t u r e  ox ida t ion  of metals, gene ra l i zed  i n  t h e  monograph by V. I. Arkharov ( R e f .  
6) and i n  a number of o t h e r  articles (Refs. 7 8) one may assume that t h e  
changes i n  t h e  a c t i v a t i o n  energy f o r  the  ox ida t ion  process  of t h e  compounds 
d iscussed  corresponds t o  t h e  changes taking p l a c e  i n  both  s i l i c i d e s  themselves 
and the scale l a y e r s  ad jo in ing  them. This ,  apparent ly ,  p o i n t s  t o  t h e  f a c t  that  
reactive d i f f u s i o n  i n  t h e  zone of t h e  contac t  s u r f a c e  of t h e  s i l i c i d e  and t h e  
scale i s ,  i n  t h e  course of a few hours ,  t h e  f a c t o r  l i m i t i n g  t h e  rate of t h e  en- 
t i re  o x i d a t i o n  process .  The d i f f u s i o n  c o n s i s t s  of an  escape of ion-atoms of a 
m e t a l  o r  nonmetal from t h e  c r y s t a l l i n e  l a t t i c e  of s i l i c i d e  followed by d i f f u s i o n  
through t h e  scale l a y e r .  It a l s o  cons i s t s  of t h e  same s t a g e s  f o r  oxygen atoms 
moving i n  t h e  oppos i t e  d i r e c t i o n .  A change i n  t h e  r e a c t i o n  rate wi th  t h e ,  i n  
t h e  compound and i n  t h e  scale l a y e r  ad jacent  t o  i t ,  p o i n t s  t o  t h e  commensur- 
a b i l i t y  of t h e  rates f o r  t h e s e  elementary processes .  I n  t h i s  connect ion,  i t  
should be  noted t h a t  a change i n  t h e  a c t i v a t i o n  energy f o r  t h e  process  co r re s -  
ponds t o  t h e  f u l l  completion of t h e  corresponding r e a c t i o n  on t h e  s u r f a c e  of a 
s.m.ple. 

4 



. 

, 
An i a v e s t i g a t i o n  of t h e  

t h a t  t h e  growth of t h e  oxide 
up t o  7OO0C, a f t e r  which t h e  
and d i s i n t e g r a t e s .  When t h e  

ox ida t ion  of y t t r i u m  d i s i l i c i d e  (Tables 1, 2) shows 
l a y e r  f o r  t h i s  compound obeys t h e  logar i thmic  l a w  
sample  t u r n s  r a p i d l y  i n t o  a dark-brown porous mass 
temperature  is  r a i s e d  above 6OO0C, appa ren t ly ,  on - 

t h e  s u r f a c e  oxide l a y e r  t ens ions  arise which l e a d  t o  a d i s r u p t i o n  of i t s  
s o l i d i t y  -- i n  p a r t i c u l a r ,  t h e  s o l i d i t y  of t h e  " r eac t ion  layer"  loca t ed  nea r  
t h e  s i l i c i d e  i t s e l f .  
s i l i c i d e  and t h e  d i f f u s i n g  gas  in f luences  t h e  va lue  of t h e  t o t a l  ox ida t ion  rate. 

I n  t h i s  case, t h e  rate of t h e  chemical r e a c t i o n  between 

An i n v e s t i g a t i o n  of t h e  high-temperature ox ida t ion  of lanthanum s i l i c i d e s  
(Table  1) made i t  p o s s i b l e  t o  e s t a b l i s h  the  temperature  l i m i t s  f o r  t h e  s t a b i l i t y  
of t h e s e  compounds. The ox ida t ion  of the  lower s i l i c i d e s  La S i  and La  S i  i s  

completely analogous. 
reg ion  of temperature  s t a b i l i t y  of lanthanum monos i l ic ide  i s  d i sp laced  by 100 
degrees ,  as compared wi th  t h e  lower ones. D i s i l i c i d e  i s  t h e  most s t a b l e  i n  t h e  
lanthanum-si l icon system. 
f o r  t h i s  compound. 

5 3  3 2  
The Both of t h e s e  compounds are s t a b l e  up t o  500°C. 

Hardly any inc rease  i n  weight up t o  700°C i s  observed 

An i n v e s t i g a t i o n  of t h e  temperature  dependence of t h e  ox ida t ion  rate f o r  
lanthanum s i l i c i d e s  (Table 2) g i v e s  an idea  of t h e  ox ida t ion  mechanism i n  t h e s e  
compounds. The v a l u e  of t h e  apparent  a c t i v a t i o n  energy f o r  t h i s  process  i s  
almost t h e  same f o r  t h e  s i l i c i d e  L a  S i  i n  t h e  e n t i r e  temperature  range,  and 5 3  
f o r  L a  S i  
t h a t  ia t?ie temperature  ranges ind ica ted ,  t h e  ox ida t ion  mechanism f o r  bo th  
s i l i c i d e s  i s  i d e n t i c a l .  I n  t h i s  process ,  compounds are formed which have an 
almost i d e n t i c a l  chemical conten t .  For t h e  ox ida t ion  of monos i l ic ide  i n  t h e  
e n t i r e  temperature  range, and f o r  t h e  oxida t ion  of lanthanum d i s i l i c i d e  i n  t h e  
i n t e r v a l  700-800°C, t h e  apparent  a c t i v a t i o n  energy has  a p r a c t i c a l l y  i d e n t i c a l  
va lue  f o r  t h e  two compounds. An i n v e s t i g a t i o n  of t h e  oxidation rate f ~ r  129th- 
anum d i s i l i c i d e  confirms t h e  suppos i t ion  expressed above t h a t  on the s u r f a c e  of 
a sample a dense,  s t a b l e ,  s o l i d  l a y e r  i s  formed which up t o  700°C o b s t r u c t s  t h e  
d i f f u s i o n  of a l l  t h e  components p a r t i c i p a t i n g  i n  t h e  ox ida t ion  process .  
t h a t ,  t h e  mechanism of t h e  process  i t s e l f  i s  changed. I n  a l l  p r o b a b i l i t y ,  up 
t o  700°C mainly t h e  s i l i c o n  component of t h e  compound, which forms wi th  t h e  
r eagen t s  i n  a i r  a dense s i l i c a t e  l a y e r ,  i s  oxid ized .  A t  h ighe r  tempera tures ,  
t h e  p r o t e c t i n g  p r o p e r t i e s  of th is  l a y e r  are d i s r u p t e d ,  apparent ly ,  as a 
r e s u l t  of chemical i n s t a b i l i t y  of t h e  compound being formed, and a process  i s  
i n i t i a t e d  l ead ing  t o  t h e  formation of a compound i n  which t h e  metal l ic  component 
predominantly p a r t i c i p a t e s .  

i n  t h e  temperature  i n t e r v a l  600-700°C. This  permits  one t o  assume 

Af te r  

/2254 

A t  h igh  temperatures  cerium s i l i c i d e s  are t h e  most uns t ab le .  Only f o r  a 
r i c h e r  compound which conta ins  t h e  least metal i n  t h e  system cer ium-s i l icon  
have w e  succeeded i n  determining t h e  apparent a c t i v a t i o n  ene rg ie s ,  t h e  va lues  
of which d i f f e r  only s l i g h t l y  f o r  t h e  two phases  (6576 and 8898 kcal /mole) .  

D i s i l i c i d e  is t h e  most s t a b l e  among cerium s i l i c i d e s .  Even a t  60O0C,i ts  
ox ide  l a y e r  possesses  some p r o t e c t i n g  p rope r t i e s .  
C e  S i  are uns t ab le  even a t  300°C. 

Cerium monos i l ic ide  and 
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O n  the b a s i s  of t h e  above cons ide ra t ions ,  one may draw c e r t a i n  gene ra l  
conclus ions  as t o  t h e  mechanism and k i n e t i c s  of t h e  ox ida t ion  of S i l i c i d e s  of 
t h e  r a r e - e a r t h  metals mentioned above. Oxidation a t  high temperatures  i s  a 
complex p rocess  i n  which several elementary components p a r t i c i p a t e ;  t h e  i n t e r -  
a c t i o n  of t h e s e  components changes s u b s t a n t i a l l y  wi th  t h e  v a r i a t i o n  of tempera- 
t u r e  and du ra t ion .  However, t h e  formation of s o l i d  oxide l a y e r s  i n  a s u f f i c i -  
e n t l y  wide temperature  i n t e r v a l  i s  c h a r a c t e r i s t i c  of almost a l l  s i l i c o n - r i c h  
s i l i c i d e s .  The f a c t  t h a t  t h e  a c t i v a t i o n  energy at t h e  temperatures  correspond- 
ing  t o  t h e  formation of a dense oxide layer  has  p r a c t i c a l l y  t h e  same va lue  f o r  
a l l  t h e  d i s i l i c i d e s  under cons idera t ion  makes i t  p o s s i b l e  t o  draw t h e  con- 
c l u s i o n  t h a t  s i l i c o n  i s  t h e  main component of t h i s  oxide l a y e r .  Since a t  
p re sen t  t h e r e  are no d a t a  on t h e  chemical a n a l y s i s  and t h e  c r y s t a l l i n e  s t r u c t u r e  
of t h e  ox ide  l a y e r ,  i t  i s  d i f f i c u l t  t o  draw any a u t h e n t i c  conclusions as t o  t h e  
mechanism of i t s  formation.  

With a n  i n c r e a s e  i n  temperature  and t h e  metall ic component i n  s i l i c i d e s ,  
t h e  apparent  a c t i v a t i o n  energy inc reases  s u b s t a n t i a l l y  by a f a c t o r  of two o r  
even f o u r .  

Conclusions 

1. An i n v e s t i g a t i o n  w a s  made of high-temperature ox ida t ion  of s i l i c i d e s  of 
scandium, y t t r ium,  lanthanum, and cerium. A t  h igh temperatures  i n  a i r ,  t h e  
most s t a b l e  are scandium s i l i c i d e s ,  among which monos i l ic ide  possesses  t h e  
g r e a t e s t  s t a b i l i t y  up t o  1000°C. Y t t r i u m  s i l i c i d e s  are t h e  l eas t  s t a b l e .  

2 .  
s i l i c i d e  phases  being i n v e s t i g a t e d  has  been e s t a b l i s h e d .  
pounds, t h e r e  i s  a change i n  t h e  a c t i v a t i o n  energy wi th  a temperature  change. 

The temperature  dependence of t he  ox ida t ion  ra te  cons t an t  f o r  a l l  t h e  
For a number of com- 

3 .  Hypothe t ica l  conclusions have been drawn as t o  t h e  mechanism of t h e  
ox ida t ion  processes  of t h e  compounds ind ica ted .  

4. The ox ida t ion  process  f o r  s i l i c i d e s  of r a re -ea r th  metals r e p r e s e n t s  a 
complex p rocess ,  pass ing  through s e v e r a l  s t a g e s ,  which i s  ind ica t ed  by a change 
i n  t h e  apparent  a c t i v a t i o n  energy wi th  temperature.  

Kiev I n s t i t u t e  
f o r  t h e  Study of Materials 
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